We previously reported an association with a putative functional variant in the ADAMTSL3 gene, just below genome-wide significance in a genome-wide association study of schizophrenia. As variants impacting the function of ADAMTSL3 (a disintegrin-like and metalloprotease domain with thrombospondin type I motifslike-3) could illuminate a novel disease mechanism and a potentially specific target, we have used complementary approaches to further evaluate the association. We imputed genotypes and performed high density association analysis using data from the HapMap and 1000 genomes projects. To review all variants that could potentially cause the association, and to identify additional possible pathogenic rare variants, we sequenced ADAMTSL3 in 92 schizophrenics. A total of 71 ADAMTSL3 variants were identified by sequencing, many were also seen in the 1000 genomes data, but 26 were novel. None of the variants identified by resequencing was in strong linkage disequilibrium (LD) with the associated markers. Imputation analysis refined association between ADAMTSL3 and schizophrenia, and highlighted additional common variants with similar levels of association. We evaluated the functional consequences of all variants identified by sequencing, or showing direct or imputed association. The strongest evidence for function remained with the originally associated variant, rs950169, suggesting that this variant may be causal of the association. Rare variants were also identified with possible functional impact. Our study confirms ADAMTSL3 as a candidate for further investigation in schizophrenia, using the variants identified here. The utility of imputation analysis is demonstrated, and we recommend wider use of this method to re-evaluate the existing canon of suggestive schizophrenia associations.
We previously reported an association with a putative functional variant in the ADAMTSL3 gene, just below genome-wide significance in a genome-wide association study of schizophrenia. As variants impacting the function of ADAMTSL3 (a disintegrin-like and metalloprotease domain with thrombospondin type I motifslike-3) could illuminate a novel disease mechanism and a potentially specific target, we have used complementary approaches to further evaluate the association. We imputed genotypes and performed high density association analysis using data from the HapMap and 1000 genomes projects. To review all variants that could potentially cause the association, and to identify additional possible pathogenic rare variants, we sequenced ADAMTSL3 in 92 schizophrenics. A total of 71 ADAMTSL3 variants were identified by sequencing, many were also seen in the 1000 genomes data, but 26 were novel. None of the variants identified by resequencing was in strong linkage disequilibrium (LD) with the associated markers. Imputation analysis refined association between ADAMTSL3 and schizophrenia, and highlighted additional common variants with similar levels of association. We evaluated the functional consequences of all variants identified by sequencing, or showing direct or imputed association. The strongest evidence for function remained with the originally associated variant, rs950169, suggesting that this variant may be causal of the association. Rare variants were also identified with possible functional impact. Our study confirms ADAMTSL3 as a candidate for further investigation in schizophrenia, using the variants identified here. The utility of imputation analysis is demonstrated, and we recommend wider use of this method to re-evaluate the existing canon of suggestive schizophrenia associations. © 2011 Elsevier B.V. All rights reserved.
Background
Despite evidence for high heritability, the identification of genes conferring schizophrenia risk has consistently proved problematic. Early linkage studies have largely failed to replicate in independent cohorts (Brzustowicz, 2007) , while a great deal of effort has also been expended on candidate gene association studies, which have also been largely non replicable. The focus is now shifting to well-powered genome-wide association studies (GWAS) (Purcell et al., 2009; Shi et al., 2009; Stefansson et al., 2009) . We previously carried out a GWAS for schizophrenia susceptibility in a cohort of 871 cases and 863 controls ). The strongest association was localised to the ADAMTSL3 (a disintegrin-like and metalloprotease domain with thrombospondin type I motifs-like) gene. Three single nucleotide polymorphisms (SNPs) in complete linkage disequilibrium, rs2135551, rs950169 and rs1911155, were highly significantly associated. The lowest combined p-value across the original and first replication study was 1.3 × 10 − 7 (rs2135551, odds ratio: 0.68, case/ control minor allele freq: 0.23/0.30). However after applying a Bonferroni correction, the genome-wide threshold for 5% significance was 1.6 × 10
, confirming that the association was suggestive, but Schizophrenia Research 127 (2011) Contents lists available at ScienceDirect Schizophrenia Research j o u r n a l h o m e p a g e : w w w. e l s ev i e r. c o m / l o c a t e / s c h re s fell short of this threshold . The case for ADAMTSL3 in schizophrenia was subsequently strengthened by in vivo and in vitro evidence that the rs950169 minor allele mediated alternative splicing, resulting in a truncated PLAC (protease and lacunin) domain in the carboxy terminus of the ADAMTSL3 protein. This suggested a direct causal relationship between rs950169 (combined p = 3.14 × 10 − 7 , OR: 0.68) and the observed schizophrenia association, a degree of evidence that is rarely obtained in genetic association studies. Despite the promising functional and biological rationale, the most strongly associated SNP (rs2135551) failed to replicate in three independent populations (although the putative causal SNP was only tested by LD proxy). The replication populations included 394 cases and 524 controls from Italy (p = 0.311), 589 schizophrenia cases and 11,491 controls from Iceland (p = 0.12) and 179 cases and 267 controls of European-American ancestry (p = 0.19) . There are several possible explanations for the failure to replicate the ADAMTSL3 association in these modest replication cohorts, however before considering these further; we consider it pertinent to explore the biological rationale that might support a role for ADAMTSL3 in schizophrenia.
ADAMTSL3 is a member of the ADAMTS superfamily of proteins, encompassing the 19 human ADAMTS metalloproteases and the seven non-proteolytic ADAMTS-like proteins. The superfamily show diverse functions in physiological processes such as angiogenesis, haemostasis, and particularly in the extracellular matrix (ECM) (Huxley-Jones et al., 2005) . The ADAMTS proteases contain a metalloprotease domain, and an ancillary domain that determines specificity of substrate-binding, as the protease domain alone is unable to process native substrates (Cal et al., 2002) . Members of the ADAMTS-like subfamily lack a metalloprotease domain and hence, lack proteolytic activity, but they otherwise have a similar structural organization including the ADAMTS ancillary domain, which has an essential substrate binding function in the extracellular space (Hall et al., 2003) . Biologically related themes of extracellular matrix function and inhibition of angiogenesis emerge for ADAMTSL3, the later probably being mediated by the former (Porter et al., 2005) . Recent genome-wide analyses have demonstrated involvement of ADAMTSL3 in homeostatic regulation of colorectal epithelium (Koo et al., 2007) , while somatic mutations and reduced ADAMTSL3 expression have been reported in colorectal cancer (Sjoblom et al., 2006) . The gene has also been shown to be strongly up regulated in optic nerve head astrocytes in patients with primary open angle glaucoma (Rudzinski et al., 2008) . ADAMTS20 the closest ADAMTS homologue to ADAMTSL3 (which might be expected to show similar substrate binding) has also been shown to mediate beta-catenin signalling, a key component of WNT signalling (Zhang et al., 2008) , which has been widely linked to schizophrenia pathology (De Ferrari and Moon, 2006) . ADAMTSL3 itself has been shown to be an important ECM component, for example in bone ECM ADAMTSL3 variants (rs10906982) have been associated with adult human height (Weedon et al., 2008; Soranzo et al., 2009) .
The neural ECM has a specific molecular composition, with chondroitin sulfate proteoglycans (CSPGs) organised as perineuronal nets (PNNs), enveloping neuronal soma and dendrites (Pantazopoulos et al., 2010) . PNNs play a crucial role in the regulation of neuronal functions in adults and have been shown to be abnormally organised in schizophrenic subjects, with overexpression of CSPGs in PNN supporting glial cells in the amygdala, leading to abnormal cytoarchitecture and neuronal migration (Pantazopoulos et al., 2010) . CSPGs are one of the primary substrates of ADAMTS superfamily members, for example ADAMTS4 enhances neurite outgrowth directly at the cell surface by processing of CSPGs in the ECM (Hamel et al., 2008) . Both ADAMTS1 and ADAMTS4 have been shown to be important in synaptogenesis and remodelling of the dentate gyrus and amygdala after excitotoxic lesion in rats, by cleavage of PNN CSPGs (Mayer et al., 2005; Yuan et al., 2002) . ADAMTSL3 is widely expressed in the brain from the foetus to the adult ( Supplementary Fig. 1a and b) . Although the gene has not been directly investigated in synaptogenesis or synaptic remodelling, considering the known biology of other superfamily members in the neural ECM, we propose that ADAMTSL3 could plausibly be involved in the PNN abnormalities seen in schizophrenia (Pantazopoulos et al., 2010) .
Considering the possible role of ADAMTSL3 in the development and remodelling of the neuronal architecture of the brain, the results of a recent evolutionary study of Neanderthal and modern human genomes may be significant (Green et al., 2010) . ADAMTSL3 alleles were shown to rank in the top 5% of genes showing evidence of a selective sweep in modern humans. This suggests that the gene may fit within the evolutionary hypotheses that have proposed the development of schizophrenia and other forms of psychosis as a byproduct of social brain evolution in Homo sapiens (Burns, 2006) .
In this study we are seeking to address a generic problem in schizophrenia genetics, namely failure to replicate (Mitchell and Porteous, 2010) . A true association can fail to replicate for multiple reasons including, insufficient sample size or variability in phenotype definitions across independent samples. Allele frequencies of variants may also differ across studies due to sampling error or population differences. In one study replication was shown to fail due to interaction between distinct functional polymorphisms and differences in allele frequency were also shown to lead to a reversal of allelic effects where a protective allele became a risk factor in replication studies (Greene et al., 2009 ). This re-enforces the point that variants that fail to replicate should be checked for interactions with other polymorphisms, particularly when samples are collected from groups with distinct ethnic backgrounds or different geographic regions. Mindful of these recommendations, we have further evaluated the association between ADAMTSL3 and schizophrenia. Our original association study gave only limited coverage of variants in the ADAMTSL3 gene, leaving open the possibility that additional, un-genotyped variants might show stronger association and have a higher chance of replication in independent cohorts. We have also screened ADAMTSL3 for rare highly penetrant mutations or structural variants, which might act independently to the observed association, as described in other genes originally identified by schizophrenia association analysis (Sebat et al., 2009 ). To address these goals, we sequenced ADAMTSL3 in 92 schizophrenia cases from the original GWAS . We identified all ADAMTSL3 promoter and exonic sequence variation in our subjects, performed LD analysis and also predictive functional analysis to identify potential causal variants. Finally with the public availability of ultra-high density variant information from the 1000 genomes project (www.1000genomes. org), we used a genotype imputation method to repeat association analysis using all available variation information.
Methods

Samples and DNA extraction
Whole blood samples were randomly selected from 92 schizophrenia patients from both the Munich and Aberdeen subjects described in our original GWAS study . Genomic DNA was extracted by SDS/Proteinase K treatment and salt/isopropanol precipitation using standard methods. All cases and controls gave informed consent. The study was approved by both local and multiregional academic ethical committees.
DNA sequencing and analysis
M13 tailed PCR primers were designed against a gene sequence constructed from the following NCBI entries: NM_207517, BC128390, AK092324 and H26489 and NCBI_36 genomic sequence, using the Primer 3 software package. Coverage included 30 exons, approximately 100 base pairs of intronic sequence flanking each exon and 2 kb of sequence upstream of the transcription initiation site. A total of 41 fragments of approximately 550 bases were designed. PCR was performed using HotStarTaq Master Mix PCR Kit (Qiagen) using a PTC-225TM MJC Research programmable thermocycler (Bio-Rad) (Initiation step: 95°C for 15 min, followed by 35 cycles: 95°C for 20 s, 55-68°C for 30 s, and 72°C for 45 s). PCR products were purified by standard methods using an Ampure SPRI system (Agencourt). The purified PCR products were checked qualitatively and quantitatively on an E-Gel (96 well 2% agarose GP, Invitrogen) using a 1 kb Plus DNA Ladder (Invitrogen).
M13 universal primers were used for sequencing. The purified PCR products were cycle sequenced in a 10 μl reaction using BigDye Terminator Enzyme 3.1 and BigDye Terminator 5× Sequencing buffer (Applied Biosystems) (Initiation step: 94°C for 5 min, followed by 30 cycles: 94°C for 15 s, 50°C for 30 s, and 60°C for 4 m). The cycle sequenced products were purified using the CleanSeq SPRI purification method and loaded using 'direct-inject' magnets according to the manufacturers recommended protocols (Agencourt Biosciences). The purified sequencing reactions were analysed on a 3730xl DNA Analyzer (Applied Biosystems, Inc., Foster City, CA) according to standard protocols. All sequence data were analysed by the Seqscape software package (Applied Biosystems, Inc., Foster City, CA) to identify and genotype any sequence variation present. All polymorphisms were deposited in the NCBI dbSNP database.
Multipoint imputation and association analysis
We performed imputation of typed and untyped markers with the software IMPUTE version 2.0 using default options (Marchini et al., 2007) and used as reference panel Caucasian genotypes from the 1000 Genomes Project (www.1000genomes.org) and HapMap phase 3 genotypes. Software and genotype files used for imputation can be found at https://mathgen.stats.ox.ac.uk/impute/impute_v2.html. We excluded 1798 out of 2617 imputed SNPs with a Hardy-Weinberg pvalue b1 × 10 − 6 in cases and controls, MAF b1% in total sample or posterior probability b0.90. Genetic association with imputed genotypes was carried out with SNPTEST under an additive model with the proper flag to account for genotype uncertainty (Marchini et al., 2007) .
Characterisation of ADAMTSL3 gene and variants
ADAMTSL3 protein domains were characterised based upon the literature (Hall et al., 2003; Huxley-Jones et al., 2005) and InterProScan (Zdobnov and Apweiler, 2001) . Signal peptide predictions were performed using SignalP (Bendtsen et al., 2004) . Transcription factor binding site prediction was performed using Promo (Farre et al., 2003) . The SNP substitution predictions were based upon a published matrix (Betts and Russell, 2003) and PolyPhen (Ramensky et al., 2002) .
Results
Analysis of ADAMTSL3 splicing and gene structure
A detailed review of the genomic context of ADAMTSL3 and available transcript data was completed using the UCSC genome browser (Karolchik et al., 2007) . These identified four transcript variants (Fig. 1) , the longest isoform, which we refer to as ADAMTSL3a, are identical to the NCBI peptide accession NP_997400 and contains the canonical ADAMTSL domain structure, including thrombospondin type I repeats, ADAM spacer regions, IGCAM and Protease and Lacunin (PLAC) domains. Two additional isoforms exhibited changes at the Cterminus resulting from alternate splicing. These sequences were annotated as ADAMTSL3b and ADAMTSL3c, where the latter was found to be identical to the GenBank protein AAI28391. Due to this alternative splicing, the PLAC domain is severely truncated in ADAMTSL3b and absent in ADAMTSL3c (Fig. 1) . The PLAC domain is a six-cysteine region of around 40 residues, commonly present with thrombospondin type I repeats. Domain structure analysis of these C-terminal sequences did not predict other known domains where the PLAC domain was missing. Although the function of the PLAC domain is currently not understood, there is good evidence to suggest that it is essential for ADAMTSL3 function. This assertion is supported by a strikingly analogous example in ADAMTSL4, where heterozygous nonsense mutations truncate the ADAMTSL4 carboxy terminal PLAC Fig. 1 . Schematic view of the protein structure and domain annotation of ADAMTSL3 splice variants. domain causing Ectopia Lentis, a congenital lens disorder (AragonMartin et al., 2010). The fourth transcript, known as ADAMTSL3d, produced a truncated isoform, lacking the ADAM-spacer, Thrombospondin type I repeat region, Immunoglobulin-like and PLAC domain, and contains a unique 29 amino acid C-terminal sequence encoded by a unique final exon. Evidence of this truncated transcript was supported by identical matches to two cDNAs (AK092324 and AX747482). The C-terminal sequence of ADAMTSL3d appears to be unique to this transcript with no detectable homology to any other sequence or domain. As the protein encoded by the ADAMTSL3d transcript lacks most of the protein folding domains, it is likely to have a significantly different protein structure and probably differs in function from other ADAMTSL3 isoforms.
Sequencing data
All 30 exons, intron/exon boundaries and the promoter region of the ADAMTSL3 gene were sequenced. We were unable to sequence two areas of the predicted promoter region due to N80% GC ratios, including a 492 bp stretch from positions 82112388 to 82112879 and a 254 bp section from 82113416 to 82113670 (positions based on NCBI_36). We identified a total of 71 variants in the ADAMTSL3 gene (Supplementary Table 1 ), six were located in the promoter region and thirteen encoded non-synonymous changes. A total of 26 polymorphisms were novel based on a search of dbSNP (build 131) and data from the 1000 genomes project. We analysed LD between all the polymorphisms and none showed meaningful LD (r 2 N 0.5) with the GWAS associated SNPs (rs950169 and rs2135551) ( Supplementary  Fig. 2 ).
Imputation analysis
We performed imputation analysis on previously typed and untyped markers using reference Caucasian genotypes from the 1000 genomes project and the phase 3 HapMap (distributed as part of IMPUTE, see Section 2.3). Imputation results confirmed the association of the typed markers (with concordance ranging from 0.93 to 1) and highlighted additional common variants in high LD with similar levels of association ( Fig. 2; Supplementary Table 2 ). The magnitude of association was not higher in newly tested variants, suggesting that the variants identified in our previous study ) may fully explain the association. Notably, the magnitude of association at rs950169 (the putative causal variant) increased to almost match the p-value at rs2135551, the most highly associated variant in the original GWAS. Had the association at rs950169 been supported by imputed data alone, we would clearly need to genotype the marker in the laboratory, however rs950169 has already been successfully genotyped in our cohort and its imputation provided genotypes of high concordance (0.982), confirming that its association statistics from imputed data are in agreement with those obtained with the original genotypes.
Predictive functional analysis of variation in the ADAMTSL3 gene
All polymorphisms that were identified in this study were assessed for potential functional impact at the level of protein function, gene regulation and splicing (Supplementary Tables 1 and 3) . It has been previously demonstrated that rs950169, which encodes a Thr1660Ile amino acid change, also mediates alternative splicing in the 3′ region of ADAMTSL3, favouring the ADAMTSL3b isoform, resulting in a truncated PLAC domain . After examining all imputed variants showing association (p b 0.001) from the 1000 genomes project, we did not find any additional variants with compelling evidence for functional impact on ADAMTSL3 or any other gene (Supplementary Table 3 ). We noted an un-bridged 50 kb gap in the genomic assembly downstream of ADAMTSL3 (Fig. 2,   chr15 :84984474-85034473). Based on LD and imputation analysis there is no evidence to suggest that the association extends into this region. Overall, we conclude that rs950169 is the most likely causative variant for the GWAS association.
A secondary objective of this sequencing study was to identify rare penetrant variants in ADAMTSL3 which might independently cause schizophrenia. We found several variants that may impact splicing, mRNA structural stability and protein function. These are summarised in Supplementary Table 1 and discussed in Section 4.2.
Discussion
Is ADAMTSL3 associated with schizophrenia?
This study supports the suggestive association between ADAMTSL3 and schizophrenia and provides a detailed characterisation of variation across the gene. Our sequencing study found no additional variants in strong LD with the associated variants and our imputation analysis also showed that the highest levels of association remain in rs950169 and rs2135551. We also saw association extending to other SNPs at slightly reduced levels, although none showed evidence of functional impact (Supplementary Table 3 ). We consider it unlikely (although not impossible) that additional polymorphisms to rs950169 are contributing to the original GWAS association signal. This is important information for further studies of ADAMTSL3 in schizophrenia, as the putative causal variant should be the focus of replication studies. However subsequent analysis should ideally capture all the imputation-associated variants that we identified (Supplementary Table 3 ), to account for other possible interactions between variants. Ultimately, conclusive replication or refutation of this association is likely to require a substantial increase in statistical power that would only be achieved with tens of thousands of carefully phenotyped subjects.
If truly associated with the disease, it may be possible to therapeutically target ADAMTSL3 substrate binding in the brain ECM, or protease activity of related ADAMTS proteins acting on the same substrates in the same pathway. ADAMTS family members demonstrate a narrow substrate specificity, making them potentially safe pharmaceutical targets (Tortorella et al., 2009) . This could open a new paradigm for schizophrenia therapy and address some of the considerable unmet medical need for schizophrenia therapeutics with a more limited side-effect profile.
Do rare pathogenic variants exist in ADAMTSL3?
If ADAMTSL3 is a true schizophrenia susceptibility gene, it is possible that rare pathogenic variants might be present in our cases. In our sequencing study, we detected several novel rare variants that have potential for functional impact, some of which were seen as homozygotes (Supplementary Table 1 ). Two of the novel nonsynonymous variants (ss252452302 and ss252452308) that we identified are non-conservative in nature, although none are homozygous. In a 17 bp section of the promoter region, four SNPs, two of which are seen as rare homozygotes (ss252452250, ss252452251, ss252452252, and rs2730079), are located in a transcriptionally active open chromatin region in the UCSC genome browser (Boyle et al., 2008; Karolchik et al., 2007) . Multiple transcription factor binding sites map to this region and are predicted to be altered by these variants (data not shown). Potentially these SNPs could impact gene expression, although this would need to be verified by in vitro expression assays.
Using genotype imputation to revisit suggestive associations
By combining high density genotype data from two Caucasian reference populations (www.1000genomes.org and www.hapmap. org) with our own disease genotype data, we have been able to impute genotypes in our schizophrenia subjects for thousands of additional variants across the ADAMTSL3 locus (2617 SNPs averaging 1 SNP/495 bp), far beyond those genotyped directly in the original GWAS (112 SNPs averaging 1 SNP/10 kb) . Although genotype imputation clearly has great value, the method also has some limitations, the leading one being the reference panel used. A general reference population is unlikely to fully match the LD structure of the study population and will not match the disease status; this may have an important bearing on accuracy and sensitivity. Our use of the IMPUTE v2 combined panel of 1000 genomes and HapMap phase 3 data increases coverage of variants, providing additional information on haplotype structure but with moderate sample size. In particular, the 1000 genomes panel offers an opportunity to test for association with rare variants, but such rarity carries with it reduced imputation accuracy. In the current study, accuracy is quantified by means of concordance data given in Supplementary Table 2 . Finally it should be emphasised that results based upon imputation alone, should be followed up by genotyping before strong inferences are drawn. Further, we would recommend genotyping of the most strongly associated SNP identified by imputation only (rs12905952) to evaluate concordance and further test the robustness of our conclusion that rs950169 is the most likely causative variant. Putting aside the caveats of imputation, the method has enabled us to computationally localise the disease associated region in the ADAMTSL3 gene with higher precision and no additional genotyping cost. Theoretically, data generated from the 1000 genomes project should provide information on almost all variants with a frequency of N1% in the Caucasian populations studied. Our own ADAMTSL3 sequencing data broadly confirms this. The majority of novel variants we identified showed frequencies of b0.05%, only 6/26 novel variants showed a minor allele frequency N1%. Our results add to those of others (Li et al., 2009) to strongly argue for a more widespread and methodical revisiting of previous genetic associations with schizophrenia, using genome re-sequencing data from reference populations. Further sequencing or genotyping of disease samples, could be greatly reduced by the application of this approach, saving precious sample resources. In some cases, this might directly identify causal variants, and in others it would at least pinpoint small regions (perhaps one or two exons) for focused mutation discovery (again saving sample resources). This would enable researchers to better focus their experimentation on the variants that are most likely to play a functionally causative role in disease.
Should the existing canon of schizophrenia candidates be revisited?
An extensive back-catalogue of un-replicated genetic associations has been generated for almost every disease showing complex genetic inheritance, schizophrenia being no exception (So et al., 2009) . The majority of these associations are likely to be false, due to lack of power and issues of multiple testing. It is tempting to discount these associations in favour of newly generated, genome-wide significant GWAS associations. However a certain number of previously associated candidate genes may indeed represent true associations which could give valuable insight into disease pathology. More importantly, some of the groundwork towards building an understanding the molecular basis of an association may already have been completed as candidate genes have been characterised (e.g. transgenic models, site-directed mutagenesis, reporter gene assays, etc.). This argues strongly for re-evaluation of previous candidate gene associations with the benefit of new data. Imputation offers a computational method for revisiting and refining associations that minimise the use of precious disease sample resources. We recommend wider use of this in silico method to re-evaluate the existing canon of suggestive schizophrenia associations, building on the tremendous volume of potentially disease relevant data that has been generated to date.
Supplementary materials related to this article can be found online at doi:10.1016/j.schres.2010.12.009.
Role of funding source
This study was funded primarily from the GlaxoSmithKline R&D budget with additional funding (GB, SJ, IP) from the NIHR Biomedical Research Centre for Mental Health at the South London and Maudsley NHS Foundation Trust and Institute of Psychiatry, Kings College London. GlaxoSmithKline funded employees designed the study; collected, analysed and interpreted the data; wrote the manuscript; and made the decision to submit the paper for publication.
Contributors
DJD-planned the study, analysed sequence data and wrote the manuscript. JHJperformed computational biology analyses of the sequence data and wrote the manuscript. JMH-conducted PCR, sequencing and SNP detection. CF-planned the study and edited the manuscript. PRM-planned the study and edited the manuscript. JNCK-planned the study and reviewed the manuscript ISG-planned the study and reviewed the manuscript. NALM-analysed sequence data and wrote a section of the manuscript. FMK-analysed gene expression data and edited the manuscript. PM-led the GSK/Academic collaboration and edited the manuscript. GB-supervised imputation analysis and wrote a section of the manuscript. IP-performed genotype imputation and wrote a section of the manuscript. SJ performed genotyping and wrote a section of the manuscript. DS-provided samples, advised on experimental planning and reviewed the manuscript. DR-provided samples, advised on experimental planning and reviewed the manuscript. MRB-planned the study, wrote and revised the manuscript. All authors contributed to and have approved the final manuscript.
Conflict of interest
David Dow, Julie Huxley-Jones, James Hall, James Kew, Israel Gloger, Nalini Mehta, Fiona Kelly and Michael Barnes are full time employees and shareholders of GlaxoSmithKline. Clyde Francks, Peter Maycox and Pierandrea Muglia are former employees of GlaxoSmithKline.
